INTRODUCTION
============

Carbon fibers (CFs), composed of 92 to 100 weight % (wt %) anisotropic carbon, are typically manufactured through a series of controlled thermal treatments of precursor polymer fibers ([@R1]). The unique properties of CFs, such as their high tensile strength, low density, high modulus, and excellent creep and chemical resistance, have made them the leading reinforcing materials for lightweight composite applications ([@R2]). Since its first commercialization in the 1960s, the usage of CFs is still limited to high-end applications, such as aerospace, military, sporting goods, and some other specialized industries, due to their high cost ([@R3]). However, increasing pressure to reduce vehicle emissions and improve fuel efficiency has amplified the desire to use low-cost, lightweight CF-reinforced composites in the automotive industry. CF-reinforced composites are forecasted to play a significant role in improving the energy efficiency of all vehicles by replacing traditional metal components. Driven by this vision, many efforts have been devoted to reducing the material and processing costs of CFs and designing CF-reinforced composite materials with excellent mechanical properties through optimized interfacial control ([@R4]--[@R6]). Currently, more than 90% of the CF market is dominated by expensive polyacrylonitrile (PAN) precursors because of their high carbon yield (up to 56%) and wide processing tolerances ([@R7]). However, more than 50% of the cost of traditional PAN-derived CFs is attributed to the PAN precursor alone. The high cost of PAN motivates the search for low-cost alternative precursors to enable new uses of CFs. To date, cheap and renewable raw materials, such as pitch, cellulose, lignin, rayon, and some other synthetic and semisynthetic polymers, have been explored to replace PAN and lower the cost of CFs ([@R8]--[@R11]). Unfortunately, the poor mechanical properties of CFs derived from these low-cost precursors restrict their usage. Therefore, a robust approach to filter for low-cost CFs should be a multitier strategy of (i) revisiting the successful PAN precursor and its processing methods; (ii) understanding the fundamental principles underlying the conversion chemistry, microstructure evolution, and structure-processing-property relationship; and (iii) investigating mechanisms to enhance the mechanical properties of low-cost CFs.

PAN-based CFs are typically manufactured by a wet or dry-jet spinning of polymer filaments that are then converted to CFs by a series of thermal treatments, including thermal stabilization, carbonization, and graphitization ([@R12]). Specifically, PAN precursor fibers are first oxidized at temperatures ranging between 200° and 300°C in atmospheric air, which enables the formation of a more stable, infusible N-containing ladder structures that are necessary for the subsequent high-temperature carbonization. Next, the stabilized fibers are carbonized between 1200° and 1600°C, which eliminates noncarbon atoms to form a turbostratic carbon structure. Last, the fibers are graphitized at temperatures above 2100°C to convert the turbostratic structure into a more ordered structure characterized by the presence of graphitic domains ([@R13]). The performance of PAN-based CFs relies on the quality of the precursor fibers and the delicate thermal processing steps. It has been widely recognized that the higher the degree of molecular orientation of the original PAN precursor fiber, the better the mechanical properties of the final CFs ([@R14]). However, the difficulty of quality control for PAN precursor fibers and the complexity of optimizing the thermal treatments has motivated research efforts to develop cost-effective and robust spinning and processing methods to prepare CFs, such as plasma or electron beam irradiation--assisted stabilization, and boron-assisted graphitization ([@R15]--[@R18]).

Currently, wet spinning is the preferred method of producing PAN-based precursor fibers. In the wet spinning process, spinning dope is extruded through a spinneret into a coagulation bath where the solvent can be diffused out, while the PAN polymer is solidified into precursor fibers ([@R19]). The physical, chemical, and mechanical properties of the precursor fibers are influenced by several processing parameters, such as the structure and content of the copolymer, molecular weight of the precursor polymer, polydispersity index, solvent and solid content of the spinning dope, solvent/nonsolvent ratio, temperature of coagulation bath, and the stretching and draw ratio during the spinning and post-washing processes ([@R20]--[@R23]). The spinning and subsequent stabilization processes determine the alignment, orientation, and crystallization of the polymer chain and microstructure of the precursor fibers, which has a great effect on the mechanical properties of the final CFs. For instance, lowering the bath temperature can limit the occurrence and size of large pores and voids ([@R22]). Stretching in the bath and post- drawing during the stabilization process can increase the molecular alignment of the polymer chains ([@R23]). In addition to optimizing the spinning dope and coagulation parameters, adding carbon nanotubes (CNTs) into the polymer matrix has been regarded as a promising technique to improve the mechanical properties of the composite fiber; CNTs can serve as both the template for the alignment and orientation of polymer chain and the nucleating agent for the polymer crystallization ([@R24]--[@R26]). For example, Chae *et al*. ([@R27]) reported that the addition of 1.0 wt % carbon nanotubes could enhance the CF modulus by 49% and strength by 64%. The addition of CNTs also lowered the carbonization temperature, which can significantly reduce the energy consumption during CF manufacturing ([@R28]). Graphene, a single-layered two-dimensional (2D) carbon allotrope, demonstrates superior properties to CNTs, such as larger surface area, superior electron mobility, higher tensile strength, and Young's modulus, which make it ideal for various applications, such as energy storage, metamaterials, and reinforced composite materials ([@R29]--[@R32]). Recently, graphene oxide (GO) liquid crystal, a derivate of graphene, was evaluated for the fabrication of CFs using various approaches, such as wet spinning, dry spinning, dry-jet wet spinning, electrophoretic self-assembly, and film shrinkage and twisting methods ([@R33]). However, the GO-derived CFs exhibited subpar tensile strength because of their poor intrinsic alignment and crystallinity ([@R34]--[@R36]).

On the basis of the superior properties of graphene, pristine graphene may be a better additive than CNTs and GO for the PAN-based CFs. Recent reports demonstrate the potential of the usage of graphene as a structure-directing agent to tune the orientation and graphitization of polymers ([@R37], [@R38]). In this work, a small amount of shear-exfoliated pristine graphene (ranging from 0.01 to 1.0 wt %) was first introduced into a PAN/dimethyl sulfoxide (PAN/DMSO) solution to fine-tune the properties of the PAN spinning dope ([@R39]). Our results showed that a small amount of graphene was able to reduce the porosity and enhance the mechanical properties of the PAN/graphene composite CFs. PAN/graphene-based CFs with 0.075 wt % graphene exhibited a tensile strength of 1916 MPa and Young's modulus of 233 GPa, which represented a 225% increase in strength and 184% increase in modulus compared to PAN CFs without graphene. Atomistic ReaxFF calculations and large-scale molecular dynamics (MD) simulations jointly elucidated the microstructure modification mechanism of graphene. The simulation results show that the addition of graphene introduces favorable edge chemistry, promotes carbon content, enhances polymer chain alignment, and increases crystallinity. These insights not only expand the understanding of PAN-based CF production but also provide a foundation for developing low-cost alternative precursor fibers enhanced by graphene, which may yield CFs that are competitive with or superior to PAN-based CFs and cost less.

RESULTS
=======

PAN fibers produced on a lab-scale wet spinning line ([Fig. 1A](#F1){ref-type="fig"}) showed that the addition of graphene to the PAN/DMSO dope substantially changed the fiber microstructure and increased the strength, Young's modulus, and strain of the resultant PAN/graphene composite CFs. Scanning electron microscopy (SEM) images of the carbonized PAN/graphene CFs, as shown in [Fig. 1 (C to G)](#F1){ref-type="fig"}, revealed that the addition of graphene significantly reduced the size of pores and voids in the fiber compared to PAN-based CFs produced without graphene, as shown in [Fig. 1B](#F1){ref-type="fig"}.

![Illustration of the wet spinning process, microstructure, and mechanical properties of the PAN/graphene composite CFs.\
(**A**) Illustration of the fabrication process of PAN/graphene precursor fibers. DI, dionized. (**B** to **G**) SEM images of the carbonized PAN/graphene composite fibers with different weight percentage of graphene, (B) 0.00 wt %, (C) 0.01 wt %, (D) 0.025 wt %, (E) 0.05 wt %, (F) 0.075 wt %, and (G) 0.1 wt %. (**H** and **I**) Mechanical properties of the carbonized PAN/graphene CFs with different graphene concentration.](aaz4191-F1){#F1}

The best mechanical properties of the PAN/graphene composite CFs were achieved at a graphene concentration of 0.075 wt % (PAN/graphene-0.075), which exhibited a tensile strength of 1916 MPa and Young's modulus of 233 GPa. These results are 225 and 184% greater than the strength (589 MPa) and modulus (82 GPa) exhibited by the PAN CF control sample ([Fig. 1H](#F1){ref-type="fig"}). At the same time, the fracture strain remained largely unaffected by the presence of graphene up to the concentration of 0.075 wt % ([Fig. 1I](#F1){ref-type="fig"}). However, when the concentration of graphene increased to 0.1 wt %, the PAN/graphene composite CFs exhibited a reduced strength of 980 MPa and a fracture strain of 0.6%. Similar results have been reported for CNTs and other graphene polymer systems. Some reports showed that a low concentration of CNTs/graphene (less than 1.0 wt %) could significantly enhance the mechanical properties. However, after passing a critical content, the mechanical properties of the composites start to deteriorate as CNT/graphene concentration increase ([@R30], [@R40]).

Nanotomography with 17-nm voxel resolution was used to unveil the role of graphene in regulating the porosity of carbonized fibers ([Fig. 2](#F2){ref-type="fig"}). PAN-based CFs produced through the lab-scale spin line without graphene exhibited elongated axial micropores with a typical diameter of \~300 nm and a length of 3 μm, as denoted by the orange ellipses. Increasing graphene content reduced the prevalence of elongated axial micropores as shown in [Fig. 2 (A to C)](#F2){ref-type="fig"}. When the graphene concentration increased to 0.1 wt %, almost all axial micropores had disappeared ([Fig. 2D](#F2){ref-type="fig"}). Elimination of the large pore had clear mechanical benefits by increasing the effective load-bearing cross section in the specimens. However, the PAN/graphene-0.1 (0.1 wt % graphene addition) sample exhibited abundant spherical nanoporosity with characteristic diameters of \~150 nm (as seen from the amplified view of a porous region shown in the inset in [Fig. 2D](#F2){ref-type="fig"}), which negatively affected the strength of the fibers. The role of these two different classes of pores can be assessed in the framework of the maximum principal stress failure criterion, which states that failure of the brittle solid occurs when the local principal stress exceeds the material strength. The aspect ratio of the void contributes significantly to the stress concentration and thus the overall fiber strength as demonstrated analogously by an elliptical hole in an infinite plate ([Fig. 2F](#F2){ref-type="fig"}). The well-known Inglis solution for this problem shows that the maximum axial stress occurs at the horizontal tip of the ellipse ([@R41])$$\sigma_{y} = \sigma_{o}\left( 1 + 2\frac{a}{b} \right)$$

![Nanotomography measurement of PAN/graphene composite CFs.\
Images are shown for different levels for graphene content: (**A**) 0.00 wt %, (**B**) 0.025 wt %, (**C**) 0.075 wt %, and (**D**) 0.1 wt %. (**E**) Each panel shows two axial cross sections located at different positions on the fiber length. (**F**) 2D model of elliptical hole in infinite plate.](aaz4191-F2){#F2}

Notably, the stress concentration (σ*~y~*) depends only on the pore aspect ratio (*a*/*b*; as illustrated in [Fig. 2F](#F2){ref-type="fig"}) and far-field stress (σ~0~) and is not affected by the pore size. Using representative values for the elongated microporosity in the low graphene-containing fibers (\<0.075 wt %), we find a stress concentration of$$\sigma_{y}^{\text{macro}} \approx 1.2\sigma_{o}$$

Similarly, for the equiaxed nanoporosity in the PAN/graphene-0.1 fiber, the stress concentration is$$\sigma_{y}^{\text{nano}} \approx 3\sigma_{o}$$

As a result, the equiaxed nanoporosity observed at high graphene concentration (0.1 wt %) is more detrimental to the fiber strength than the elongated pores observed at lower graphene concentration (0.075 wt %). Thus, the best properties are obtained at a moderate graphene concentration that eliminates microporosity without introducing nanoporosity.

These results clearly show that graphene modifies both the microstructure and mechanical performance of CFs; however, it was unclear how graphene achieves this effect. The addition of graphene may affect the final CF at several stages of the production cycle. For example, (i) the addition of graphene may affect the rheological properties of the spinning dope and lead to different properties; (ii) as illustrated in [Fig. 3G](#F3){ref-type="fig"}, the extrusion forces on the spinning dope may help align the graphene nanosheets along the flow direction ([@R33]); (iii) graphene may serve as a reinforcement to increase the mechanical properties; (iv) tension in the spinning line may align the polymer chain, which includes the graphene nanosheets, along the fiber axis; and (v) the shrinkage of the fiber during the solidification and drying process may cause the graphene nanosheets to align and facilitate local ordering in the microstructure of PAN/graphene fiber.

![TEM images and Raman spectra of the PAN/graphene composite CFs.\
(**A**) TEM images of the added graphene obtained from shear exfoliation. (**B**) HRTEM image of the graphene, with inset showing the corresponding FFT pattern. (**C**) TEM image of PAN/graphene (0.075 wt %) precursor fiber, with inset showing the FFT pattern of the selected area (red square). (**D** and **E**) TEM images of the carbonized PAN/graphene fiber (0.075 wt % graphene) at different magnifications. (**F**) Raman spectra of the carbonized PAN/graphene fibers with different concentrations of graphene. a.u., arbitrary unit. (**G**) The possible flow-induced graphene alignment mechanism of the PAN/graphene dope ([@R33]).](aaz4191-F3){#F3}

The above-proposed mechanisms were systematically investigated by examining the viscosity of the spinning dope, the morphology, graphene distribution, polymer alignment, and the mechanical properties of the PAN/graphene fibers after each processing step. Photographs and the corresponding viscosity of the PAN/graphene/DMSO spinning dope are given in fig. S1. The color of the spinning dope became darker as the graphene concentration increased (fig. S1A). From fig. S1 (B and C), the viscosity of the PAN/graphene spinning dope gradually increased when the graphene concentration increased from 0.01 to 0.075 wt %, reflecting the increasing interaction between graphene nanosheets and PAN polymer chains. When the concentration of graphene was further increased to 0.1 wt %, a decreased viscosity was observed, which can be attributed to the onset of lubrication effects at high graphene concentration. At low concentrations, the increased viscosity of the spinning dope might help align the graphene nanosheets along the fiber direction during the spinning process due to larger shear stress. Therefore, it can be inferred that the well-aligned graphene nanosheets guide the solidification of PAN molecules during the coagulation process, helping minimize the large pores and voids.

Transmission electron microscopy (TEM) images of graphene shear--exfoliated from graphite demonstrate a "wrinkled" structure of 2D graphene nanosheets ([Fig. 3A](#F3){ref-type="fig"}). This wrinkling effect increases contact between the graphene and the polymer chains. The corresponding high-resolution TEM (HRTEM) image ([Fig. 3B](#F3){ref-type="fig"}) and amplified image (inset of [Fig. 3A](#F3){ref-type="fig"}) show the perfect hexagonal lattice structure of graphene, which can be further verified by the corresponding fast Fourier transform (FFT) pattern (inset of [Fig. 3B](#F3){ref-type="fig"}). After the wet spinning process, the graphene nanosheets were found to be uniformly dispersed into the PAN matrix without any apparent agglomeration, which could be validated by the TEM image of the pure PAN and representative PAN/graphene-0.075 composite precursor fibers (fig. S2, A and B). Furthermore, many more dispersed crystal zones were observed in the PAN/graphene-0.075 fiber (fig. S2B) compared to the pure PAN fiber (fig. S2A). These crystal flakes feature the hexagonal crystal lattice of graphene as determined by the corresponding FFT pattern (inset of [Fig. 3C](#F3){ref-type="fig"}).

After oxidation and carbonization, these crystal zones of graphene are retained inside the PAN/graphene composite CFs, as shown in the TEM and HRTEM images of PAN/graphene-0.075 in [Fig. 3 (D and E)](#F3){ref-type="fig"}. The graphene nanosheets are surrounded by the turbostratic graphitic structure developed by the carbonization of the ladder structure of the PAN polymer chain. Raman spectra of the PAN/graphene composite CFs are given in [Fig. 3F](#F3){ref-type="fig"}, which has been widely used to characterize the ordered/disordered structure of graphitic materials. Typically, the *D* band at 1350 cm^−1^ results from the breathing mode of point photons of *A~1g~* symmetry, representing the defects and disordered graphite structures, while the *G* band at ∼1585 cm^−1^ is ascribed to the first-order scattering of the *E~2g~* phonon mode of in-plane sp^2^ C atoms. The ratio between *D* and *G* peak intensities, denoted as *I*~D~/*I*~G~, is used as a measure of the quantity of ordered graphitic structures ([@R42], [@R43]). The lower *I*~D~/*I*~G~ of the PAN/graphene-0.075 composite CF suggests reduced defects, more ordered graphitic structure, as well as higher crystal orientation along the fiber axis. Figure S2C compares the x-ray diffraction (XRD) patterns of the prepared PAN fiber after each processing step. The sharp and intense diffraction of the untreated pure PAN fibers at \~17° corresponds to the (200) crystal plane of PAN ([@R44]). After oxidation, the sharp (200) peak becomes wider, which may be due to the interaction of PAN molecules and the formation of the ladder structure during the oxidation process. A weak and broad peak can be detected at around 24° for the carbonized PAN fiber and all of the PAN/graphene composite fibers (fig. S2D), which is ascribed to the (002) plane of the graphitic structure.

The effect of graphene on the performance of PAN/graphene composite precursor fiber was investigated by comparing the thermal degradation, microstructure, and mechanical properties of the PAN/graphene composite fibers to those of pure PAN fibers. Figure S3 shows the thermogravimetric analysis (TGA) curves of the pure PAN and PAN/graphene composite precursor fibers. TGA is a quantitative method to measure the amount of moisture and volatile compounds present in nanocomposite fibers, calculate the weight loss during thermal processing, and determine mechanisms of thermal degradation. The programmed heating profile is shown in fig. S3C, which is used to mimic the oxidation and carbonization processes. Both pure PAN and PAN/graphene composite precursor fibers demonstrated a similar thermal degradation trend, as shown in fig. S3 (A, B, and D). No weight loss was observed for both PAN and PAN/graphene precursor fibers from room temperature to 200°C, which indicates the cyclization process of the PAN molecule chain. However, a 0.5 wt % weight gain was observed in the PAN/graphene-0.075 composite precursor fiber at the initial heating stage (fig. S3A), which can be attributed to the reaction of oxygen and PAN polymer, as well as the possible attachment of oxygen with Nitrile group. The large surface area of graphene may facilitate the attachment and reaction between PAN and oxygen ([@R45]). During the 2-hour holding time at 250°C (fig. S3B), significant weight loss was observed for both PAN and PAN/graphene-0.075 composite fibers, which is due to the release of small gas molecules. When the temperature was increased to 950°C, both PAN and PAN/graphene-0.075 composite fibers showed a similar thermal degradation process (fig. S3D), with final carbon yield of 37.56% for PAN/graphene-0.075 fibers and 36.41% for PAN fibers. TGA results demonstrated that graphene facilitated the interaction between PAN polymer chain and oxygen and slightly increased the final carbon content.

Fiber characterization was performed at each step of CF production to trace the effect of graphene on the fiber's microstructure and mechanical properties. Figure S4 compares the microstructure and mechanical properties of the precursor fibers before oxidization. The pure PAN precursor fiber showed a highly porous structure (fig. S4A), while the PAN/graphene precursor fibers exhibited denser microstructure (fig. S4, B to F) and improved mechanical properties (fig. S4, G to I). However, the graphene concentration and the enhancement of the mechanical properties are not directly proportional; when the graphene concentration was increased to 0.1 wt %, the precursor fiber demonstrated reduced ductility, as evidenced by the drop in the fracture strain (fig. S4I). Figure S5 compares the microstructure and mechanical properties of the precursor fibers after oxidation. A similar trend was observed in the oxidized PAN and PAN/graphene fibers (fig. S5, A to F), especially for the PAN/graphene-0.1 sample where the pulled-out graphene nanosheets could be observed on the cross-sectional SEM image of the fracture surface (inset of fig. S4F). The oxidized PAN/graphene composite fibers showed greater strength and modulus but significantly reduced fracture strain compared to PAN/graphene precursor fibers, as shown in fig. S5 (G to I). The best mechanical properties were also achieved in the oxidized fibers with 0.075 wt % graphene. Last, the carbonization step leads to a marked increase in strength and ductility and a further decrease in fracture strain. Figure S6 compares the mechanical properties of pure PAN and PAN/graphene-0.075 composite fibers after each processing step, which clearly shows that 0.075 wt % graphene has a significant increase in strength (from 589 to 1919 MPa) and modulus (from 82 to 233 GPa). These experimental results of the PAN and PAN/graphene fibers in the as-spun, oxidized, and carbonized states indicate that graphene can modify the microstructure of PAN fibers at the initial spinning stage and lead to PAN/graphene fibers with better mechanical properties after carbonization. Note that the concentration of graphene should be maintained at an appropriate level: After exceeding a critical value, the added graphene might damage fiber's mechanical properties.

Encouraged by these experimental results, atomistic ReaxFF simulations and large-scale MD simulations were performed to achieve a deeper understanding of how graphene affects the microstructure and enhances the mechanical properties of PAN fibers. The goal is to explore the interaction between graphene and the PAN polymer chains during each processing step. The effect of graphene on the reaction chemistry, small gas molecular emission, carbon ring formation and distribution, molecular alignment, and crystallinity was examined to unveil the role of graphene in the PAN/graphene composite fiber.

In particular, atomistic ReaxFF was used to study the effect of graphene on the chemistry of PAN-based CFs, which can provide information on the release of gas molecules and the formation of carbon rings during the carbonization process. The results of these simulations indicate that the addition of a small amount of graphene into the polymer matrix does not significantly increase the production of gas molecules (H~2~/H~2~O/N~2~/CO/CO~2~) ([Fig. 4, A to C](#F4){ref-type="fig"}, and fig. S7). Therefore, the carbon content of PAN/graphene CFs remains comparable to that of PAN CFs during the carbonization process, while both oxidized PAN and oxidized PAN/graphene show a significant increase of carbon content with the increased reaction time ([Fig. 4G](#F4){ref-type="fig"}). After 900 ps, the carbon contents calculated by ReaxFF MD for PAN and PAN/graphene CFs are \~81.5 and \~82% respectively ([Fig. 4G](#F4){ref-type="fig"}). Overall, the PAN/graphene sample shows slightly higher carbon content than that of pure PAN sample, which agrees with the experimental TGA result (fig. S3D). The simulation results also show that adding graphene to the PAN precursor does not significantly affect the formation of 5/6/7-membered carbon rings. Because of their conjugated sp^2^ electronic configuration, the surface carbon atoms of graphene are relatively inactive. However, there are dangling bonds on the graphene edges, which make the graphene edges capable of forming bonds with the polymer matrix and providing catalytic seeds for the formation of larger graphitic structure ([Fig. 4, D to F](#F4){ref-type="fig"}). The graphene nanosheets are found to exhibit favorable edge chemistry with the formation of 5/6/7-membered carbon rings only at the graphene edges, not at the graphene surface ([Fig. 4, H and I](#F4){ref-type="fig"}). Furthermore, the added graphene also improves the alignment of 6-membered carbon rings. Using Herman's orientation function (HOF) to measure the alignment shows 12% greater alignment in PAN/graphene CFs than that of PAN CFs (fig. S8), which explains the effect of graphene on the microstructure of PAN/graphene CFs.

![Atomistic ReaxFF simulations of the initial stage of carbonization process for oxidized PAN and oxidized PAN/graphene precursors.\
Production of (**A**) N~2~, (**B**) H~2~, (**C**) H~2~O molecules. Formation of (**D**) 5-, (**E**) 6-, and (**F**) 7-membered carbon rings. (**G**) Carbon content of fibers at different simulation times for the oxidized PAN and oxidized PAN/graphene precursors. (**H** and **I**) Snapshots of the oxidized PAN/graphene taken during the carbonization process to show the formation of 5/6/7-membered carbon-only rings at the graphene edges. Carbon, nitrogen, oxygen, and hydrogen are represented black, blue, red, and white, respectively. Purple spheres represent the initial graphene structure. Dark lines and shadows in (A) to (F) are the average and SD over eight different samples, respectively. Insets (A to F) show simulation results for the last 100 ps.](aaz4191-F4){#F4}

To further investigate the effect of graphene on the alignment of PAN chains, we performed large-scale nonreactive MD simulations of structures containing PAN chains and graphene sheet. [Figure 5 (A and B)](#F5){ref-type="fig"} shows the final configurations of structures with and without graphene obtained by the end of 7.5-ns-long heating-annealing-cooling simulations, as detailed in Materials and Methods. The snapshots show the positions of ring centers of PAN chains instead of positions of atoms. Each ring is colored based on its orientation with respect to the *z* axis, which is normal to the plane of graphene sheet in the initial structure (fig. S9B). Adjacent ring centers are joined by a line. The alignment of PAN rings with respect to the graphene sheet decreases as color changes from pink to red. [Figure 5C](#F5){ref-type="fig"} shows the orientation distribution of rings that belong to the graphene sheet of PAN/graphene structure, while [Fig. 5 (D and E)](#F5){ref-type="fig"} shows the ring orientation distributions of PAN/graphene and PAN structures, respectively. Note that rings belonging to the graphene sheet are not included in [Fig. 5D](#F5){ref-type="fig"}. It can be seen that the graphene sheet undergoes some wrinkling during the MD simulation due to its interactions with PAN chains ([Fig. 5A](#F5){ref-type="fig"}). When compared to the initial state (HOF = 1.0), the graphene sheet's overall orientation mostly remains unchanged (HOF = 0.94) with most of the ring normals still parallel to the *z* axis ([Fig. 5C](#F5){ref-type="fig"}). The presence of graphene causes PAN chains to undergo considerable local realignment. During this realignment, the orientation distribution of PAN chains gets narrower ([Fig. 5D](#F5){ref-type="fig"}), and overall HOF changes from the initial value of −0.052 to the final value of 0.53. Hence, the PAN/graphene structure has a much higher degree of alignment, with a significant portion of PAN chains aligned along the graphene sheet. In the absence of graphene, HOF value of PAN chains changes nominally to 0.06, and the orientation distribution of PAN chains remains flat ([Fig. 5E](#F5){ref-type="fig"}). Hence, the PAN structure has poor alignment when compared to PAN/graphene structure.

![Nonreactive MD simulations of structural self-organization of PAN chains with and without the presence of a graphene sheet.\
Snapshots (**A** and **B**), ring orientation distributions (**C** to **E**), and HOF distributions (**F**) of PAN/graphene and PAN structures. In the snapshots of PAN/graphene and PAN structures, individual PAN chains are shown by lines joining carbon ring centers. For PAN/graphene structure, the horizontal gap in the middle of the system corresponds to the graphene sheet, which is not shown for visualization purposes. The ring centers are colored according to the cosine angles of ring normal vectors with respect to the vertical *z* axis. The color scheme is shown in (D) and (E).](aaz4191-F5){#F5}

Furthermore, we divided the computational cell into 20 bins along the *z* axis (perpendicular to graphene sheet) and calculated the HOF value of each bin by averaging over all rings that are part of a bin to demonstrate how graphene affect the PAN chain alignment. [Figure 5F](#F5){ref-type="fig"} shows the variation of HOF in the *z* direction for initial and annealed PAN and PAN/graphene structures. Similar to [Fig. 5D](#F5){ref-type="fig"}, rings belonging to the graphene sheet are excluded from this analysis. For the PAN structure, most of the bins have HOF values lower than 0.2, which indicates that PAN chains have a random orientation in most parts of the computational cell. However, for the PAN/graphene system, nearly 80% of bins have HOF values higher than 0.4, which indicates that the alignment of carbon rings along the graphene sheet occurs throughout the computational cell. In addition, the rings that are within 5 nm of the graphene sheet show a considerably higher degree of alignment (0.8 \< HOF \< 1.0). [Figure 5A](#F5){ref-type="fig"} further shows that these thin crystallites of highly aligned chains grow deeper than 10 nm in some locations of the computational cell. These results clearly show that graphene plays a significant role in enhancing the overall alignment of PAN chains. Earlier reactive simulations of carbonization and graphitization processing steps suggest that the enhanced alignment of PAN chains translates to the corresponding alignment of graphene sheets and an increased fraction of graphitic phase in the CF microstructure ([@R46]). These structural changes lead to the improvement of Young's modulus and tensile strength of CFs, as has been demonstrated in the computational tensile testing of several simulated microstructures ([@R46]) and in the experimental study reported in the present paper.

DISCUSSION
==========

In this work, a small amount of shear-exfoliated graphene was introduced into the PAN/DMSO to tune the properties of the spinning dope and control the microstructure of the PAN/graphene composite CFs. Our results demonstrated that including 0.075 wt % graphene in PAN precursor fibers significantly reduced porosity and enhanced mechanical properties, with a 225% increase in strength and a 184% increase in Young's modulus. The enhancements in both strength and modulus can be attributed to the following factors: (i) the addition of graphene nanosheets improves the microstructure of the PAN/graphene composite CF through minimization of the size of voids/defects inside the PAN/graphene precursor fibers and improved alignment of structural elements of the microstructure at all stages of CF manufacturing; and (ii) the graphene serves as a reinforcing phase to further improve the mechanical properties. Atomistic ReaxFF and large-scale MD simulations were used to elucidate the mechanisms that define the effect of graphene of the CF microstructure. ReaxFF simulations demonstrated the unique graphene-induced edge chemistry, which favored the formation of 5/6/7-membered carbon rings along the graphene edges. The addition of graphene also increased the alignment of six-member rings and slightly increased the carbon yield during the carbonization process. Large-scale MD simulations further confirmed the increased alignment of PAN polymer rings along the graphene sheets, which increased the crystallinity of composite CFs and enhanced the mechanical properties. Unveiling these mechanisms has opened the door to the development of alternative precursors for low-cost CFs.

MATERIALS AND METHODS
=====================

Preparation of graphene nanosheets and PAN/graphene spinning dope
-----------------------------------------------------------------

All of the chemicals and materials were used without further purification after purchase. Graphene was prepared through a modified shear exfoliation method using a Silverson Machines L5M-A high-speed, high-shear laboratory mixer. Typically, 0.5-g graphite flakes (Sigma-Aldrich) were dispersed into 100 ml of DMSO solution (anhydrous, ≥99.9%; Sigma-Aldrich). The graphite/DMSO solution was then shear mixed at 3500 revolutions per minute (rpm) for 12 hours. Next, the shear-exfoliated graphene/DMSO solution with mono/multilayered graphene nanosheets was sonicated for 1 hour (Bransonic ultrasonic cleaner) and then centrifuged (Col-Int Tech, Centrifuge TDL60) at 1500 rpm to remove any remaining unexfoliated graphite. The concentration of the obtained DMSO/graphene solution was calculated by weighing the dry sample from 10 ml of DMSO/graphene after evaporation.

The PAN/graphene spinning dope was prepared with 7.5 g of PAN (mean particle size, 50 μm; copolymer, 99.5% acrylonitrile (AN)/0.5% methyl acrylate (MA); molecular weight, 230 kg mol^−1^; Goodfellow) and synthesized graphene powder in 100 ml of DMSO solvent. The added graphene nanosheets have a thickness of \~0.8 nm and an average lateral size of 300 nm, as shown from the atomic force microscopy (AFM) image in fig. S10. To prevent the aggregation of the exfoliated graphene nanosheets, DMSO was selected as the solvent to stabilize and disperse the exfoliated pristine graphene sheets due to its strong affinity for graphene ([@R47]). In this work, the concentration of the added graphene was controlled under 0.1 wt % to improve the dispersion and prevent the agglomeration of graphene nanosheets in PAN polymer. The weight percentage of graphene in the PAN/graphene composite precursor fiber was controlled at 0.00, 0.01, 0.025, 0.05, 0.075, and 0.1 wt %, which are hereafter denoted as PAN/graphene-0.00, PAN/graphene-0.01, PAN/graphene-0.025, PAN/graphene-0.05, PAN/graphene-0.075, and PAN/graphene-0.1, respectively. The PAN/graphene dope was then heated to 60°C for 2 hours under continuous stirring. The solid concentration of the PAN/DMSO dope was about 7.5 wt %.

Wet spinning of PAN/graphene composite precursor fibers
-------------------------------------------------------

A lab-scale, single-filament wet spinning line was assembled to produce the aforementioned PAN/graphene precursor fibers. The PAN/graphene dope was extruded through a 5-ml syringe with a 110-μm-diameter needle by a syringe pump. The fiber then traveled into two consecutive coagulation baths followed by a washing bath as illustrated in [Fig. 1A](#F1){ref-type="fig"}. The solutions in coagulation baths I and II were DMSO/H~2~O (65:35) and DMSO/H~2~O (35/65) mixtures, respectively. The draw ratio was controlled by adjusting the speed of the syringe pump, guiding rollers, and take-up drum (table S1). With the help of the guided rollers, the solidified PAN/graphene filaments were further stretched and washed to form the PAN/graphene composite precursor fibers. The total draw ratio from the nozzle to the final PAN/graphene precursor fiber was about 10. Last, the collected precursor PAN/graphene fibers were dried at 80°C for 12 hours before the stabilization and carbonization processes.

Stabilization and carbonization of PAN/graphene fibers
------------------------------------------------------

The PAN/graphene precursor fibers were batch process--stabilized using a box furnace (KSL-1200X-UL, MTI Inc.). A bundle of PAN/graphene fibers were heated to 250°C at a heating rate of 5°C/min and held for 2 hours. Tension was applied to the fiber bundles during stabilization to increase the alignment of the PAN polymer chain. The stabilized PAN/graphene fibers were then carbonized in a tube furnace (GSL-1700X-UL, MTI Inc.) at 1500°C with a heating rate of 5°C/min in argon atmosphere (200 standard cubic centimeter per minute) for 0.5 hours. The carbonized fibers were cooled to room temperature while continuously purging N~2~ in the furnace.

Characterization of PAN/graphene filaments and CFs
--------------------------------------------------

The cross sections and microstructures of the PAN/graphene composite fibers were characterized using SEM (FEI Quanta 650), TEM, and HRTEM (FEI Titan). The TEM samples were prepared by encasing a bundle of fibers in epoxy resin and then slicing 25- to 50-μm-thick sections using a microtome (Leica, RM2155). The basic crystal and molecular structures of the carbonized PAN/graphene fibers were determined by XRD (pro multipurpose diffractometer equipped with Cu Kα radiation with λ = 0.154 06 nm) in the range of 10° \< 2θ \< 80°, Raman spectroscopy (Renishaw inVia Raman microscope at 514 nm with 5% laser power) in the range of 500 to 3200 cm^−1^. The height profile of the shear-exfoliated graphene was characterized by AFM (Dimension Icon with ScanAsyst, Bruker). The viscosity of the spinning dope was measured on an Anton Paar MCR 301 rheometer with a parallel plate geometry, where the plate had a radius of 10 mm. The TGA of the PAN/graphene composite fibers was characterized by TGA Q50 (TA Instruments) in the range of 25° to 950°C. The 3D internal microstructure of the resulting CFs was resolved using transmission x-ray microscopy nanotomography at beamline 18-ID located at National Synchrotron Light Source II in Brookhaven National Laboratory. One fiber of each PAN concentration was imaged at 8 keV and reconstructed using the open-source TomoPy software to achieve an isotropic voxel size of 17.2 nm ([@R48]).

Tensile test specimens were prepared by using rectangular paper templates with a gauge length of 20 mm. The diameter of each specimen was measured by SEM after the tensile test. Tensile tests were conducted on a Nano-Tensile Tester--MTS Nano Bionix testing system with a 0.5-N load cell and a displacement rate of 10^−4^ mm min^−1^.

Atomistic ReaxFF MD simulation
------------------------------

Here, ReaxFF MD simulations were used to investigate the impact of graphene inclusion on PAN-based CFs at the atomistic level. The previous C/H/N force field parameters developed by Kamat *et al*. ([@R49]) were reoptimized against quantum mechanical data with an emphasis on N~2~ chemistry. In contrary to the force field from Kamat *et al*. ([@R49]), N~2~ molecules are sufficiently stable, thus do not react with carbon radicals. Therefore, frequent N~2~ molecules removal during the simulations is not required ([@R50]). In addition, carbon parameters are more accurate for deriving the mechanical properties of graphene. Moreover, the force field is extended to C/H/O/N atoms widening its application to alternative polymer precursors such as stable oxidized PAN and PBO (poly(p-phenylene-2,6-benzobioxazole)). For a detailed description of this force field development process, see our previous published work ([@R51]).

In this work, a model depicting an oxidized PAN chain (fig. S9A, a) and a single-layer graphene sheet (16 A° × 16 A°) with hydrogen termination (fig. S9A, b) are used to construct our simulation systems after energy minimization. For the pure PAN system, 32 chains of oxidized PAN are randomly placed in the simulation box, while for the PAN/graphene system, a single-layer graphene sheet is located at the center of the box with 32 oxidized PAN chains positioned randomly. The periodic boundary condition is applied in all directions. The size of simulation cells is determined to provide an initial density of precursors equal to 1.6 g cm^−3^ for all of the systems.

First, a 60-ps NVT simulation, where the number of molecules N, a volume of the system V and the temperature T = 300K is constant, is performed to equilibrate the systems (fig. S9A, c). Second, eight system configurations within the last 10 ps are heated up to 2800 K at a 10 K/ps rate to simulate the carbonization process. Third, the systems are kept at 2800 K for 900 ps for each trajectory. Note that the temperature difference between simulations and experiments (2800 and 1773 K for simulation and experiment, respectively) is meant to accelerate the reactions to a nanosecond time scale accessible to our simulations. The time step is 0.25 fs for each step of simulations and the total length of simulations is 1230 ps. A Berendsen-Anderson temperature thermostat with a damping constant of 100 fs was used. For each sample, we calculate the small molecule gas production, 5/6/7-carbon rings formation, and alignment during the carbonization step at 2800 K. The alignment of the systems is quantitatively calculated by using a HOF, which is defined as $F = \frac{1}{2}\lbrack 3\langle\text{cos}^{2}\theta\rangle\rbrack - 1$ where θ is orientation relative to the axis of interest ([@R52]).

Large-scale MD simulation
-------------------------

The PAN chain used in large-scale MD simulations is shown in fig. S9B, a. The chain is 2.1 nm long and consists of 10 six-member rings with one nitrogen atom in each ring. The graphene sheet contains 8000 carbon atoms and has dimensions of 41.9 nm in the longitudinal direction (*x* direction) and 4.8 nm in transverse direction (*y* direction). Since the size of experimental graphene flakes is much larger than the computational graphene sheet, the graphene sheet is modeled as infinite long in *x* and *y* directions by using periodic boundary conditions. The large-scale MD simulations are performed with (PAN/graphene) and without (PAN) graphene sheet. In building the initial configuration of PAN/graphene structure, the infinitely long graphene sheet is placed near the center of the computational cell (*z* = 20 nm). The PAN chains are placed above and below the graphene sheet randomly using PACKMOL ([@R53]). The initial configuration of PAN/graphene system (fig. S9B, b) has a density of 0.76 g/cm^3^ and contains 2.5 wt % of graphene. The initial configuration of the PAN structure is obtained by removing the graphene sheet from the initial configuration of PAN/graphene system.

The large-scale nonreactive MD simulations are performed using polymer consistent force field ([@R54]) as implemented in Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) MD suite ([@R55]). The nonreactive simulations have been previously used for studying various polymer-based nanocomposites such as graphene/polythene ([@R56]), graphene/epoxy ([@R57]), and PAN/CNT ([@R58]). The initial configurations of both structures are equilibrated at 27°C. Then, an annealing-type MD simulation is performed on each structure, so ladders can rearrange themselves to thermodynamically favorable configuration. In the annealing-type simulation, each structure is heated from 27° to 477°C in 2.5 ns. Then, each structure is maintained at 477°C for 4 ns before cooling it down to 27°C in 1 ns. All MD simulations are performed using constant temperature-constant pressure ensemble (NPT, where N is the number of atoms, P is the pressure of the system, and T is the temperature of the system). The pressure was set to 1 atm in all MD simulations. The three orthogonal dimensions of the periodic computational cell are allowed to change independently in the pressure control algorithm ([@R59]). The MD simulations are performed with a time step of 0.5 fs. To quantify the effect of the graphene sheet on the polymer chain alignment, we calculated HOF using the orientation of six-member rings. The orientation of each ring is defined by a vector that is normal to the plane of a ring. In this approach, HOF value of 1.0 indicates the perfect alignment of rings with graphene sheet (*z* axis in simulations), and the HOF value of 0.0 indicates the random alignment of carbon rings. More details about the procedure used for calculating HOF can be found in ([@R46]).
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